This article discusses the development of a test bench and a methodology for the study of composite resin abrasive wear. To evaluate the operation of the test bench and to compare the proposed methodology with other existing ones, a study was made of the five composites most commonly used by dentists. The one-way ANOVA method and the Tukey test were used to statistically analyze the results by multiple comparisons of the groups of resins tested. Using the proposed methodology, these resins were classified in an increasing order of abrasive wear strength, as follows: Charisma (the lowest abrasive wear strength), Tetric, TPH, Herculite and Z-100 (the highest abrasive wear strength) (p < 0.05). In comparison to other methodologies, the results of the proposed methodology presented the lowest coefficient of variation.
Introduction
Composite resins were developed with the objective of replacing the loss of human dental material, be it by accident or as the result of dental surgery to improve a person's living conditions. Among the several existing materials that can be used for this purpose, composite resins were chosen because they are more wear resistant, easier to handle (they are sold in tubes like toothpaste), and because their coloring closely resembles that of human teeth, making them almost imperceptible after application.
Dental restoration materials, ideally, should wear similarly to the way tooth enamel does. However, owing to the characteristics of each material, this is obviously not the case. The main problem involved in the use of composites is their wear, which may result from brushing and mastication. Thus, studies of this phenomenon are needed in order to foresee the service life of composites, since they require substitution when they wear out.
According to Condon 3 , there are two distinct methods to analyze composite wear: the clinical (in vivo) and the laboratorial (in vitro) methods. The clinical method consists of making restorations in the teeth of several patients and, after a given period of time, usually quite long (a minimum of 2 and a maximum of 6 years), analyzing the wear that the resins have undergone 4 .
One of the chief problems that researchers faced is that, upon obtaining data on the wear of the tested resins after such a long period, other resins had already been launched and variations had been made in the composition of the old ones. Clinical testing involves inconveniences, among them the difficulty of controlling patients' visits, the variety of eating habits and of masticating, which are influenced by the pH of each patient's saliva.
As for laboratory (in vitro) tests, some can be simple while others may be as complex as clinical tests. The lack of an internationally acceptable method of evaluating the abrasive wear of resins and of the different methods employed makes it difficult to carry out a comparative analysis of the results obtained for the resins tested to date.
The purpose of this work is to propose a standard for the evaluation of the abrasive wear of composite resins for the scientific community and for manufacturers. To this end, a test bench was developed, which was subjected to an initial evaluation and, subsequently, to the necessary modifications. This test bench was compared with the results obtained using the initial version of the method (sharpness balance), confirming the effectiveness of the proposed method.
Composite Resin Wear
Carvalho & Salgado 5 state that, since Bowen 6 discovered composite resins over 25 years ago, no other material in odontology has received so much attention. The growing demand of patients for an esthetically attractive look, which implies the white of natural teeth instead of the gold of earlier times, coincides with the appearance of a broad range of new materials and techniques. This may cause dentists to become confused when using composite resins (particularly the posterior one), giving rise to unsatisfactory clinical results.
In their comparative lab study of the abrasive wear of four different types of resins against one abrasive enamel, Hirano et al. 7 found that the most important physical property of "artificial teeth" used in restorations is abrasive wear strength. In the past, the most widely used materials for this purpose were porcelain and resin. Porcelain possessed high abrasive wear strength and a more stable color than resin; however, it was also more prone to fracturing. Resins, on the other hand, possess excellent strength and adhesiveness to the base of the tooth, although their abrasive wear resistance along time is questionable.
Research work was carried out to improve the abrasive wear resistance of composite resins. The apparatus for in vitro lab tests used to investigate abrasive wear involves, in most cases, an artificial mouth that simulates the movements of mastication. The authors of this article have developed an alternative way of simulating these movements and conducting lab studies of the abrasive wear of composite resins.
The method involved the construction of test specimens, positioning the composite resin on the occlusal surface of each tooth. Five abrasive enamels and five test specimens were used for each test. An abrasive and a specimen were positioned in the machine for an analysis of the abrasive wear and tested for 5,000 cycles (during which a fluid -human saliva -was injected between the surfaces), followed by an additional 5,000 cycles, i.e., a total of 10,000 cycles with a 13.4 N load. The apparatus developed to analyze the wear establishes contact between the abrasive enamel and the surface of the artificial tooth (specimen) for 10,000 cycles. All the abrasive wear tests were carried out using human saliva. The wear of the specimens was measured by means of a Profilometer placed at four points along the circular surface created by the abrasive on the surface of the specimen. The maximum depth in the area of wear in relation to the unworn surface was considered as the amount of worn material. The accuracy of these measurements was approximately 1 µm.
The authors state that it is important to evaluate the abrasive wear rate of composite resins because of its influence on the maintenance of efficient mastication and on the vertical dimension and stability of the occlusal surface. Table 1 presents the mean values and standard deviation obtained from the findings of Hirano et al. 7 , where the variation coefficient, which is defined as the quotient between the standard deviation and the mean, is calculated according to Costa Neto 8 . This is often expressed in percentages and has the advantage of characterizing the dispersion of data in terms of their mean value.
Barkmeier et al. 9 state that new composite resins have been developed with a potential to substitute amalgam. They propose to determine and compare the localized abrasive wear of three "high density" composite resins (Alert, Solitair and Surefil) and two "conventional" composite resins (TPH and Z-100). Their specimens were prepared with a polished surface. The profile of the surface was recorded using a Profilometer. The specimens were subjected to 400,000 cycles in a Leinfelder wear machine (the authors do not give additional information about the machine). After the test, a second specimen profile was made and compared to the first, using the AnSur 3D software program. The total volume removed and the maximum depth of abrasive wear of each specimen was calculated. The results are given in Table 2 . Finally, Barkmeier et al. 9 conclude that there was a significant difference in the localized abrasive wear of the five composite resins analyzed.
Methodology
The process of coating the metallic disk with resin is manual, with no precision in regard to the eccentricity. To remove geometrical and dimensional imperfections and eliminate the remnant viscous layer, the disks were previously machined with a thick grindstone in a grinding machine.
Both the static and the dynamic disks were prepared with the disk fixed at the extremity of the dynamic disk head. The static disk was produced and removed from the head, while the dynamic disk was not. This was done to minimize decentralization errors.
The test bench presented here was built with two linear sets of spheres (KGBA 2045 PP), called recirculating sphere guides, and two shafts for linear bearings (W20 H6/135), called shafts, to optimize the performance of the displacement mechanism of the static disk.
To set up the guides on the support (in an inverted U form) developed earlier, some joining parts had to be constructed to fix the guides tightly to the support, preventing vibrations and allowing for the uniform and simultaneous displacement of both shafts.
The vertical displacement mechanism was assembled with all the parts that join the shafts, the fixation of the static disk and the applied load. All these parts were built in aluminum to reduce their weight, as will be discussed later herein.
After all the disk fabrication requirements were completed, the search for the best testing conditions began. First, the balance load was varied. The load was divided into four parts to fit into each other. Several tests were carried out under the same testing conditions, with variations only in the load. The load that produced the best results was 6.5 N.
Preliminary tests were also performed varying the rotation of the dynamic shaft head. Problems involving burning of the material surface occurred at high rotation rates, while wear rate of the material proved unsatisfactory at lower rotation rates. After a series of tests, the optimal rotation of the motor was found to be 30 Hz, using lubrication by water in the cutting area.
To verify the influence of the initial testing conditions, reiterated tests were carried out with the same dynamic disk, demonstrating that the results obtained from the second test were significantly different from those of the first, and that all the former showed good repeatability. Figure 1 (a) illustrates the test bench developed, showing a frontal view of the grinding machine used to support the test bench and grind the disks. The Fig. 1 (b) shows a schematic drawing with detail of the parts and measurement system.
To determine the sharpness (the capacity of porcelain to wear out the resin), an adjustment was made by Bianchi et al. 11 (1997) , based on the report of Coelho, R.T.
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, in which sharpness is expressed by:
where k is the sharpness [mm 3 
/N.s], b is the width of the static disk [mm], r is the radius of the disks [mm], Fn is the normal applied load [N]
, a1 is the angular coefficient, generated by the graph, of the straight line recorded between the vertical displacement of the static disk (y axis) and the time elevated to 2/3 (x axis), as described in the mathematical model developed by Coelho, R.T. 9, 10 . Testing was carried out by placing a wide disk (dynamic) on the head and a narrow disk (static) on the vertical displacement device. With the shaft of the dynamic disk in a stationary state, the static disk was carefully moved toward the dynamic disk until they touched themselves. To begin the test, the motor was turned on and the displace- ment values were simultaneously recorded (using a software program) for subsequent analysis. The test was concluded when the maximum vertical displacement reached 450 µm.
Results and Discussion of the Definitive Tests
The tests were carried out making sure that the same pattern of physical actions were performed during all the experiments with the five composite resins, i.e., Charisma, Herculite, TPH, Tetric and Z-100.
Upon conclusion of the tests with each type of composite resin, the ceramic was ground in order to keep its surface always new for the tests with a new resin type.
The mean sharpness and the standard deviation obtained for each tested resin are shown in Fig. 2 . The oneway ANOVA method and the Tukey test were performed in the analysis of the results obtained for sharpness for the comparisons among the groups of resins tested.
When the one-way ANOVA test was performed with the original sharpness values of each resin tested, this set of data didn't present a normal distribution, a basic prerequisite for application of the one-way ANOVA test, which is parametric one.
For this reason, in order to normalize the set of data, the individual values of sharpness for each resin were mathematically transformed by extracting the square root of their individual values.
Based on the transformed sharpness values (square root of the initial values), a new one-way ANOVA test was carried out, from which normal data were obtained, thus allowing for the test to continue. Table 3 presents a chart containing the Analysis of Variance. A statistical difference was found between the groups (p < 0.001).
The Tukey test was performed for the multiple comparisons among groups (types of resin), with a 5% of significance. The results obtained are given in Table 4 .
As shown in Table 3 , all the comparisons were significant (p < 0.05); in other words, a statistical difference was found in each individual comparison with 5% of significance.
For this reason, Table 3 shows the sharpness of the resins in decreasing order (p < 0.05). Because sharpness is inversely proportional to wear strength, it is assumed that the resins can be classified in an increasing order according to their abrasive wear strength, i.e., Charisma (lowest abrasive wear strength), Tetric, TPH, Herculite and Z-100 (highest abrasive wear strength) (p < 0.05).
These results are close to those obtained by Barkmeier et al. 9 who, upon comparing and determining the localized abrasive wear of three "high density" composite resins (Alert, Solitair and Surefil) and two "conventional" composite resins (TPH and Z-100), found that the Z-100 resin presented the lowest wear among the resins they tested (highest abrasive wear strenght). Table 5 was drawn up to facilitate a comparative analysis of the method proposed herein and the methods of Hirano et al. 9 and of Barkmeier et al.
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. Hirano et al. 7 reported minimum and maximum Variation Coefficient [%] values oscillating between 38.3 and 64.7 for wear after 5,000 cycles in their test machine (mm), and of between 47.5 to 81.6 for wear after 10,000 cycles in the test machine (mm).
In the results reported by Barkmeier et al. 9 , it can be observed that the minimum and maximum variation coef- Vol. 4, No. 4, 2001 Evaluation of Composite Abrasive Wear 277 Thus, it can be observed that the method proposed here presented the lowest minimum and maximum values and the lowest range of variation for the variation coefficient.
Conclusions
The analysis of the results of this study, their accuracy and repeatability, as well as the facility and the short period of time required to perform each test, allow the authors to conclude that the test bench proposed herein meets the initial requirements of ensuring a safe and fast method to analyze the abrasive wear of composite resins.
Based on the statistical analysis, it can be stated that the proposed test bench is a fast and accurate instrument to evaluate the property of abrasive wear resistance of composite resins, and that it meets the initial expectations of the researchers who developed it. The authors can now propose the use of this test bench by specialists as a standard device to evaluate the abrasive wear of composite resins.
Based on the tests performed in this study and the statistical analysis applied to interpret their results, the tested resins were classified in terms of their resistance to wear, in an increasing order, as follows: Charisma (lowest abrasive wear strength), Tetric, TPH, Herculite and Z-100 (highest abrasive wear strength) (p < 0.05).
Among the methods presented in the formal literature, the one proposed in this article presented the lowest variation in the interval of the coefficient of variation. It should also be pointed out that the unit measure of wear in the usual methods is volume [mm
